Atypical and malignant meningiomas are uncommon tumors with aggressive behavior and higher mortality, morbidity, and recurrence compared with benign tumors. We investigated the utility of diffusion-weighted (DW) MR imaging to differentiate atypical/malignant from benign meningiomas and to detect histologic dedifferentiation to higher tumor grade.
M
eningiomas comprise 14%-20% of all intracranial tumors, with a higher incidence of up to 35.2% among Asians and Africans. 1 Although they are generally benign tumors, up to 10% of meningiomas are atypical or malignant, characterized by nuclear disorganization, necrosis, prominent nucleoli, and increased mitoses on histology. Because of their aggressive behavior, atypical/malignant meningiomas are associated with high morbidity and mortality and may invade the adjacent bone and brain parenchyma. They are also more prone to recur in 29%-41% of patients than typical meningiomas, where the recurrence rate is between 7%-20%. 2 Although typical extra-axial benign meningiomas are easily diagnosed, distinction from more malignant histologic grades by CT or conventional MR imaging is difficult. 3 Neuroimaging features, such as heterogeneous appearance, heterogeneous enhancement, marked perilesional edema, irregular cerebral surface, mushrooming on the outer edge of the lesion, and bone destruction, are not unique or reliable for diagnosing atypical/malignant meningiomas. [4] [5] [6] [7] [8] A diagnostic method that can differentiate between benign and atypical/ malignant meningiomas would, therefore, be desirable for surgical planning.
Diffusion-weighted (DW) MR imaging has been used to study primary brain tumors, including histologic grading of gliomas and response to treatment. [9] [10] [11] [12] [13] [14] [15] [16] Only a few studies have evaluated DW MR imaging for grading meningiomas, and although some have found that apparent diffusion coefficient (ADC) of atypical/malignant meningiomas was significantly lower than benign meningiomas, 2,17 others have not duplicated these results. 16 Furthermore, the accuracy and threshold ADC to distinguish between benign and atypical/malignant meningiomas has not been established. There is also a paucity of literature on the DW MR imaging appearance of malignant transformation of benign meningiomas to higher grade tumors. In this study, we compared DW MR imaging between benign and atypical/malignant groups of meningiomas to estimate the cutoff ADC value for optimal tumor grading and describe imaging features of dedifferentiation of benign meningiomas.
Materials and Methods

Patient Selection
We retrospectively reviewed the neuroradiology imaging data base from January 1999 to December 2006 at a tertiary referral neurologic hospital that performs 150 brain tumor surgical procedures per annum. 18 Twenty-five consecutive atypical and malignant meningiomas proved by histologic examination (representing 6.9% of all me-ningiomas) and studied by using presurgical DW MR imaging were selected. Atypical and malignant meningiomas were diagnosed based on the World Health Organization (WHO) classification of grades II and III tumors, respectively. A control group of 23 patients with benign meningiomas was also selected from the benign meningothelial meningioma subtype from the same data base. There is evidence that ADC values of meningothelial meningioma may be the lowest among the different subtypes of benign meningiomas 2 and, hence, may represent a suitable homogenous control group for comparison with the low ADC in atypical/malignant tumors. Patients who did not have DW MR imaging or whose studies were technically unsuccessful were excluded from the study. The study was approved by the institutional review board as part of ongoing studies in brain tumors and the neuroradiology data base.
MR Protocol
All of the patients underwent MR imaging study on a 1.5T clinical scanner (GE Medical Systems, Milwaukee, Wis) using standard head coil with 240 ϫ 240-mm FOV according to the tumor protocol in our hospital within a week before surgical resection. Conventional MR images consisted of at least axial fast spin-echo T2-weighted images (TR/TE/3000 -5400/100 -105 msec) and contrast-enhanced images T1-weighted images (TR/TE ϭ 400 -660/12-20 ms) after intravenous contrast injection (gadopentetate dimeglumine ϭ 0.1 mmol/kg). DW MR imaging was acquired in the axial plane by using a single-shot, spin-echo echo-planar imaging sequence (TR/TE ϭ 10,000/68.4 ms) with b-values of 0 and 1000 s/mm 2 in 3 orthogonal directions. Control ADC values were obtained from normal-appearing white matter on the contralateral normal brain tissue unaffected by tumor. The normalized ADC (NADC) ratios were calculated using the formula NADC ϭ ADC of the tumor/ADC of the normal white matter, with NADC lower than 1.00 representing relatively restricted diffusion.
Data Calculation and Analysis
All of the analyses were performed using SPSS version 14.0 for Windows (SPSS, Chicago, Ill). The differences in mean tumor diameter, mean ADC, and mean NADC ratio between the benign and atypical/malignant groups of meningioma were compared using the 2-sample t test when normality and homogeneity assumptions were satisfied, otherwise the equivalent nonparametric Mann-Whitney U test was applied. Logistic regression analysis was performed to assess the predictive value of conventional MR imaging features for distinguishing groups of meningiomas. Statistical significance was set at P Ͻ .05. The optimal cutoff for the above significant variables to differentiate between benign and atypical/malignant meningioma groups was determined using receiver operating characteristic (ROC) curve analysis, with sensitivity, specificity, and positive and negative predictive values presented.
Results
The results of analysis of MR images in benign and atypical/malignant meningiomas are summarized in supplemental on-line Tables 1 and 2 . Twenty-three patients had benign meningothelial meningiomas; 2 of these patients (patients 12 and 13) had dedifferentiation to higher grade tumors on recurrence after 1 and 4 years, respectively. Twenty-one other patients had a final diagnosis of atypical/malignant meningioma; 2 of these patients with atypical meningioma (patients 37 and 41) also had tumor recurrence and dedifferentiation to malignant meningioma at subsequent surgery after 1 year. A total of 25 atypical/malignant meningiomas were studied, including the 2 patients with dedifferentiation from benign tumors.
On conventional MR imaging, the mean maximum diameter of atypical/malignant meningiomas (5.6 Ϯ 2.5 cm) was not significantly larger than that of benign meningiomas (5.4 Ϯ 1.5 cm; P ϭ .72, t test). Heterogeneous enhancement pattern was also not significantly different between groups (P ϭ .179, Mann-Whitney U test). Adjacent bone destruction was found in 32% of atypical/malignant meningiomas but not in benign tumors (P ϭ .003, Mann-Whitney U test). Irregular tumor margins (P ϭ .008, Mann-Whitney U test) and peritumoral edema (P ϭ .012, Mann-Whitney U test) were also features seen significantly more often in atypical/malignant meningiomas. Logistic regression analysis, however, showed that these features were not statistically significant to correctly predict the tumor grades of meningiomas. The overall accuracy of conventional MR imaging to predict patients having atypical/ malignant meningioma was 72.3%, with a sensitivity of 64.0%, specificity of 81.8%, positive predictive value (PPV) of 80.0%, and negative predictive value (NPV) of 66.7%.
On DW MR images, the signal intensity of 23 benign meningiomas was variable, with 4 hypointense, 9 isointense, and 10 hyperintense benign tumors. Of 25 atypical/malignant meningiomas, 2 were hypointense, 3 were isointense, 19 were hyperintense (Fig 1) , and 1 had mixed hypointense and isointense signal intensity. ADC maps showed that all of the benign meningiomas were hyperintense or isointense compared with normal white matter (Fig 2) . On the other hand, ADC maps of atypical/malignant meningiomas showed isointensity or hypointensity, except patient 44, whose tumor was hyperintense and isointense. Absolute ADC in benign meningiomas ranged Ϫ3 mm 2 /s, whereas the NADC ratio ranged from 1.14 to 1.54. In atypical/malignant meningiomas, absolute ADC ranged from 0.58 to 1.26 ϫ 10 Ϫ3 mm 2 /s, and NADC ranged from 0.80 to 1.67.
All of the atypical/malignant meningiomas had absolute ADC and NADC ratios less than 1.00 with the exception of a single patient with recurrent malignant rhabdoid meningioma (patient 44). The mean and SD of absolute intratumoral ADC in benign meningiomas was 0.88 Ϯ 0.08 ϫ 10 Ϫ3 mm 2 /s, and in atypical/malignant meningiomas the mean ADC of 0.66 Ϯ 0.13 ϫ 10 Ϫ3 mm 2 /s was significantly lower (P Ͻ .0001). The mean NADC ratio in the atypical/malignant group (0.91 Ϯ 0.18) was also significantly lower than in the benign group (1.28 Ϯ 0.11; P Ͻ .0001). Although absolute ADC values showed considerable overlap, there was no NADC ratio overlap between groups (Fig 3) . There was no significant difference in the mean ADC and NADC ratio between atypical and malignant meningiomas (P ϭ .780 and 0.999, respectively). Using the ROC curves, the optimal cutoff for absolute ADC was 0.80 ϫ 10 Ϫ3 mm 2 /s with sensitivity of 96%, specificity of 82.6%, PPV of 85.7%, and NPV of 95%. ROC analysis showed that the NADC ratio of 0.99 had the highest accuracy, with sensitivity of 96%, specificity of 100%, PPV of 100% and NPV of 95.8%.
There were 4 patients in our series who had undergone DW MR imaging studies before both surgical episodes with tumors that underwent anaplastic dedifferentiation to higher grade. Two patients (Patient 12 and 13) progressed from benign to atypical and malignant meningioma, respectively, on recurrence. In both cases, the initial benign tumor was isointense on DW MR imaging, becoming hyperintense on subsequent DW MR image when they dedifferentiated (Fig 4) . This change in DW MR image signal intensity was accompanied by a decrease in the ADC values from 0.88 ϫ 10 Two other patients (patients 37 and 41) with atypical meningiomas had tumor recurrence and dedifferentiated to malignant meningiomas on subsequent histologic examination. In both patients, the atypical and malignant meningiomas were similar on conventional MR imaging appearance and were also hyperintense on DW MR images. After dedifferentiation, the absolute ADC decreased in both patients from 0.65 ϫ 10 Ϫ3 mm 2 /s to 0.56 ϫ 10 Ϫ3 mm 2 /s and 0.67 ϫ 10 Ϫ3 mm 2 /s to 0.59 ϫ 10 Ϫ3 mm 2 /s, respectively. The NADC ratios were unchanged in patient 37 (0.78 in both atypical and malignant meningiomas) and decreased in patient 41 (from 0.84 to 0.75). The ADC and NADC values in all instances were below the thresholds consistent with atypical/malignant meningioma.
Discussion
We found that the mean ADC value and NADC ratio were lower (ie, relatively restricted diffusion) in atypical/malignant meningiomas than in benign tumors. Although some MR imaging features, such as ill-defined tumor margins, adjacent bone destruction, and peripheral edema, 19 were suggestive of atypical/malignant meningiomas, logistic regression analysis of conventional MR imaging features did not show significant correlation with the histologic grade. These findings were consistent with previous CT and MR imaging reports, which found that none of these features were unique and could also be seen in benign meningiomas. [4] [5] [6] [7] [8] Two previous studies have investigated using DW MR imaging to grade meningiomas. 2, 17 These studies, involving a total of 9 atypical and 2 malignant meningiomas, showed that the mean ADC values in atypical/ malignant tumors were significantly lower compared with benign meningioma. 2, 17 Our results in a larger patient population are consistent with these reports. Various theories have been proposed to explain the decreased ADC in high-grade tumors, including increased tumor cellularity, tumor matrices, fibrous or gliotic tissues, or a combination of these factors. 10 Water diffusion in biologic tissue is highly dependent on the ratio of intracellular to extracellular space, and increased cellularity in high-grade tumors may decrease the fraction of extracellular space, thus restricting net water diffusion. 20, 21 Furthermore, compared with benign meningiomas, atypical and malignant meningiomas have increased mitotic activity, necrosis, prominent nuclei, and small cells with an increased amount of intracellular complex protein molecules and high nucleus-to-cytoplasm ratio, contributing to decreased free diffusion of water. 22 Using ROC curves, we found that the optimal ADC and NADC thresholds that could differentiate atypical/malignant meningiomas were 0.80 ϫ 10 Ϫ3 mm 2 /s and 0.99, respectively. Using these thresholds, ADC correctly predicted 96% of atypical/malignant and 83% of benign meningiomas, and NADC correctly predicted 96% of atypical/malignant and all of the benign meningiomas. This suggests that NADC ratios might be more specific and accurate than absolute ADC to preoperatively distinguish between high-grade and low-grade meningiomas. The measurement of absolute ADC values may vary across different scanners, and the NADC ratio may be a less variable parameter to use. The NADC ratio minimizes the differences in absolute ADC values that may be obtained with different DW imaging sequences and hardware configurations, thereby eliminating interimage variability. Furthermore, normalization of ADC by obtaining ratios compared with contralateral normal values has been used in differentiating and grading of intra-axial tumors and may be preferable to absolute ADC values. 15, 23 Our statistical analysis was limited by a single outlier (patient 44). This patient had a rhabdoid variant (WHO grade 3) of malignant meningioma, which had irregular margins and peritumoral edema but atypically high ADC and NADC values that were more characteristic of benign meningiomas and would, thus, have been misclassified as benign using our ROC criteria. Rhabdoid variants are biologically and clinically aggressive with sheets of loosely cohesive cells with eccentric nuclei and hyaline, paranuclear inclusions. 24 They tend to arise from meningiomas with more benign and typical morphology 24, 25 and may, therefore, exhibit the histopathologic features more characteristic of benign meningiomas rather than the restriction in diffusion more typical of the other subtypes of atypical/malignant meningiomas. However, in our single case, we were unable to postulate the reason for the tumor to have increased water diffusion compared with other malignant meningiomas. In a previous study, there has been some suggestion that different subtypes of benign meningiomas may have different ranges of ADC values, 2 but larger studies would be necessary to verify these findings and to determine whether there are distinctive features in rhabdoid variants that might preclude the use of DW MR imaging for grading these cases.
Although from our ROC analysis, ADC and NADC ratios could accurately distinguish benign from atypical/malignant meningioma, the signal intensity of tumors on DW MR imaging was more variable; not all of the high-grade tumors were hyperintense, and some benign tumors were also hyperintense. This hyperintensity is probably due to the contribution of T2 and spin attenuation on the trace DW MR image, often referred to as the "T2 shinethrough" effect. 26, 27 Hence, relative restriction of the ADC values was more useful than increased signal intensity in distinguishing tumor groups. However, the ADC or NADC ratios between the atypical and malignant groups were not significantly different. Our study was also limited by the small number of patients who had follow-up imaging and the lack of serial DW MR imaging in patients with recurrent benign tumor compared with recurrent atypical/malignant meningiomas. Furthermore, only the meningothelial subtype of benign meningioma was included in our study, and other subtypes were not evaluated. There is some evidence that the ADC values of meningothelial meningioma may be the lowest among the different subtypes of benign meningiomas, 2 and, hence, they may represent a suitable homogenous control group for comparison with the low ADC in atypical/malignant tumors. However, our results are preliminary, and the ADC and NADC thresholds may be affected by scanner and operator factors and should not be considered "hard and fast" rules. Prospective studies of larger patient populations with interobserver measurements would be helpful for validation of these results. Diffusion tensor imaging, involving 6 or more gradient directions, can also be used to provide information about the tumor consistency and to potentially study the benign and malignant subtypes of meningioma. 28, 29 Two patients with benign meningiomas had recurrence of atypical/malignant tumors on follow-up imaging, which showed a change from isointensity to hyperintensity on DW MR imaging and a reduction in the ADC value and NADC ratio below the threshold for higher tumor grade. Although, as a group, the qualitative analysis of the signal intensity on DW MR images was variable and could not be used for distinguishing groups, in these 2 patients, tumor dedifferentiation could be detected visually on presurgical neuroimaging. A method to predict tumor progression and histologic dedifferentiation on serial imaging during surveillance of postsurgical patients would be desirable. 30 Early intervention and aggressive adjuvant therapy, such as fractionated radiation therapy, may be helpful to improve outcome and increase overall survival rates. 31 Several methods, including positron-emission tomography, perfusion MR imaging, and MR spectroscopy, have been proposed to study tumor grading and malignant progression in glial neoplasms. [32] [33] [34] [35] [36] [37] Spectroscopic methods in particular may be useful in eliciting the metabolic correlates of genetic progression of gliomas or the malignant potential of meningiomas 38, 39 during follow-up neuro-oncologic imaging. The role of decreasing ADC as a biomarker of worsening histologic grade has been less widely studied in intracranial neoplasms [40] [41] [42] (M.S. Xu and C.C.T. Lim, unpublished data), and to the best of our knowledge, there have been no previous studies evaluating DW MR imaging in dedifferentiation of meningiomas.
In this study, we found that DW MR imaging can distinguish benign from atypical/malignant meningiomas; NADC may be a more accurate predictor of tumor grade than absolute ADC. During follow-up imaging for tumor recurrence, a decrease in ADC and NADC may suggest dedifferentiation into higher tumor grade. DW MR imaging may be a useful bioimaging marker to study meningioma grading and progression.
